E2F transcription factors are key regulators of cellular proliferation, and altered E2F activity is a common feature of tumor cells. Thus, E2F targeting is being explored as a therapeutic strategy in cancer. Importantly, recent mouse knockout studies show that concomitant loss of E2f1/E2f2 activity is associated with increased genomic instability and oncogenic potential in normal differentiating cells, a finding that might have implications for cancer therapy.
1
E2F transcription factors (E2F1-8) are key downstream effectors of pRB. They regulate the expression of a wide range of transcriptional targets involved in DNA replication and repair, cell cycle progression, apoptosis, or differentiation, which underlies their relevance in cell fate regulatory networks.
2 Loss of pRB function is thought to lead to inappropriate activation of E2F factors, followed by increased cellular proliferation rates and tumorigenesis.
2 Thus, inhibition of E2F activity has been proposed as a therapeutic strategy for the treatment of cancer and it has been shown that small-molecule E2F inhibitors are effective against cancer cells. [3] [4] [5] Our recent work raises a cautionary note on the suitability of this approach by providing evidence that loss of E2F activity has harmful effects on differentiating cells that could potentially outweigh the therapeutic benefits of E2F targeting.
To dissect the contribution of E2F factors to cell fate and tumorigenesis, our laboratory and others have generated gain-of-function and loss-of-function mouse models of individual E2fs or combinations of E2fs. These studies have revealed the complexity of the functional roles played by individual E2fs, which are often dependent on the cellular context. Regarding E2F1 and E2F2, there are experimental data supporting both positive and negative regulatory roles in cellular proliferation and tumorigenesis, through mechanisms that remain largely unresolved. 6 We have recently described a double knockout (DKO) mouse model (E2f1
) in which the combined loss of E2f1 and E2f2 activity results in unscheduled DNA replication and cellular division in differentiating cells. 7, 8 E2f1
DKO cells show overexpression of E2f target genes involved in DNA replication or cell cycle progression (including Mcm genes, Orc1, Cdc6, Ccnd3, Ccna2, Cdc25a, or Cdc25c), and repression of cell cycle inhibitors (Cdkn2c). Furthermore, the activities of both G1 and mitotic cyclin/Cdks appear to be aberrantly elevated in DKO cells. These results suggest a key role for E2f1/E2f2 transcription factors in restraining DNA synthesis and promoting cell cycle exit during terminal differentiation. We have examined in detail the consequences of unscheduled DNA replication and cell cycle progression in cells lacking E2f1 and E2f2, finding evidence (increased g-H2ax levels and activation of the p53 pathway) of a strong DNA damage response (DDR) in cells that are undergoing terminal differentiation, including bone-marrow-derived macrophages and pancreatic cells (Fig. 1) . This DDR was associated with senescence in macrophages and with apoptosis in pancreatic cells, leading to generalized tissue atrophy and diabetes.
There are several mechanisms by which E2f1/E2f2 depletion might lead to replication stress. The increased expression of genes involved in formation of the DNA replication complex could lead to illegitimate replication origin firing and fork stalling, as shown after overexpression of CDT1.
9 Furthermore, recent work has shown that controlled Cdk activity is key to maintaining genome integrity during S phase. 10 Thus, the accumulation of aberrant G1 and mitotic Cdk activities in cells lacking E2f1 and E2f2 may also indirectly affect the efficiency of DNA replication processes.
Importantly, we have shown that inhibition of DNA replication by the DNA polymerase inhibitor aphidicolin prevented CONTACT Ana M. Zubiaga ana.zubiaga@ehu.es accumulation of the DDR mediators g-H2ax, p53, and Cdkn1a (best known as p21 CIP1 ) in DKO pancreatic and monocyte cells, which places p53 activation downstream of the DNA replication stress in our systems. We have further shown that functional inactivation of the p53 pathway restored most of the phenotypic defects associated with E2f1/E2f2 loss. Interestingly, elimination of p21 CIP1 could rescue senescence, but not apoptosis, of DKO cells, suggesting that the program elicited by p53 in E2f1
¡/¡ DKO mice is primarily aimed to arrest cell cycle in macrophages and to activate apoptosis in pancreatic cells.
Strikingly, depletion of p53 led to the development of T-cell lymphoblastic leukemia/lymphomas in E2f1 ¡/¡ /E2f2 ¡/¡ mice, significantly reducing their lifespan. These findings imply that loss of E2f1/E2f2 increases the oncogenic potential in normal cells through the generation of genomic instability. The outcome of these cells will depend on their levels of functional p53.
In summary, our results show that depletion of E2f1/E2f2 can lead to apoptosis or senescence in normally differentiating p53-competent cells, but promotes tumor development upon loss of p53. These findings support the notion that cell context is critical for the outcome of E2F activity, and have important implications in the field of cancer therapy. Ongoing studies aimed to develop E2F inhibitors as anticancer agents should take into account the fact that exacerbating DNA replication rates in normal cells by depleting E2f1/E2f2 could lead to atrophy in a p53-competent context but might be oncogenic in a p53-deficient context.
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